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ABSTRACT
Using Seismic Reflection to Locate a Tracer Testing Complex
South of Yucca Mountain, Nye County, Nevada
by
Levi Kryder
Dr. Barbara Luke, Thesis Committee Chair
Professor
University of Nevada, Las Vegas

Tracer testing in the fractured volcanic aquifer near Yucca Mountain, and in the alluvial
aquifer south of Yucca Mountain, Nevada has been conducted in the past to determine the flow
and transport properties of groundwater in those geologic units. However, no tracer testing has
been conducted across the alluvium/volcanic interface. This thesis documents the investigative
process and subsequent analysis and interpretations used to identify a location suitable for
installation of a tracer testing complex, near existing Nye County wells south of Yucca Mountain.
The work involved evaluation of existing geologic data, collection of wellbore seismic data,
and a detailed surface seismic reflection survey. Borehole seismic data yielded useful
information on alluvial P‐wave velocities. Seismic reflection data were collected over a line of
4.5‐km length, with a 10‐m receiver and shot spacing. Reflection data were extensively
processed to image the alluvium/volcanic interface. A location for installation of an
alluvial/volcanic tracer testing complex was identified based on one of the reflectors imaged in
the reflection survey; this site is located between existing Nye County monitoring wells, near an
outcrop of Paintbrush Tuff.
Noise in the reflection data (due to some combination of seismic source signal
attenuation, poor receiver‐to‐ground coupling, and anthropogenic sources) were sources of
error that affected the final processed data set. In addition, in some areas low impedance
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contrast between geologic units caused an absence of reflections in the data, complicating the
processing and interpretation. Forward seismic modeling was conducted using Seismic Un*x;
however, geometry considerations prevented direct comparison of the modeled and processed
data sets. Recommendations for additional work to address uncertainties identified during the
course of this thesis work include: drilling additional boreholes to collect borehole seismic and
geologic data; reprocessing a subset of the current seismic reflection data in the area chosen for
a tracer complex; processing the existing reflection data set with refraction processing software;
and conducting additional seismic reflection testing with different survey geometry.

iv

ACKNOWLEDGEMENTS
I would like to thank Dr. Barbara Luke, my advisor and committee chair for her support,
guidance, and encouragement during my time at UNLV. She also provided numerous reviews
and valuable feedback on this thesis. I would also like to thank the members of my committee,
Dr. Michael Nicholl, Dr. Wanda Taylor, and Dr. Carlos Calderón‐Macías, for their mentoring and
support.
My studies at UNLV would not have been possible without the support of Darrell Lacy,
Pam Webster, and the Nye County Commissioners, and I truly am grateful they saw value in my
education and thesis project. I would also like to thank my colleagues at Nye County for their
invaluable contributions to the field studies described in this thesis: Bob Wilcoxon, Jamie
Walker, Craig Latronico, Jim Foster, John Klenke, and Ryan Lee. Chris Cothrun from the UNLV
Applied Geophysics Center ran the minivib during the reflection survey and was an
indispensable member of the team. The studies described in this thesis build upon the research
conducted by great scientists from the US Geological Survey, Department of Energy, national
laboratories, Nye County, and other organizations. Without their work, none of mine would
have been relevant or possible. I would also like to thank the late Tom Buqo, whose vision
shaped the data collection and scientific efforts at Nye County.
I appreciate the support from my wife, Rachel, during all the time I was away taking classes
and working on my thesis project. She also provided love and encouragement when I needed it,
and was a sounding board for my ideas and troubles. My mom and dad, even though far away,
provided encouragement through the entire process.

v

DEDICATION
To Rachel, Talya, and Thomas,
Thank you for your encouragement and support.
Without you, none of this would have been possible.
I love you.

vi

TABLE OF CONTENTS
Abstract ............................................................................................................................... iii
Acknowledgements.............................................................................................................. v
Dedication ........................................................................................................................... vi
Table of Contents ............................................................................................................... vii
List of Tables ..................................................................................................................... viii
List of Figures ...................................................................................................................... ix
1.0

Introduction ............................................................................................................. 1

2.0

Previous Work .......................................................................................................... 6

3.0

Forward Seismic Modeling....................................................................................... 8

4.0

Field Data Collection .............................................................................................. 14

5.0

Data Processing ...................................................................................................... 19

6.0

Discussion and Interpretations .............................................................................. 28

7.0

Conclusions and Recommendations ...................................................................... 33

8.0

Appendices ............................................................................................................. 74

9.0

References ............................................................................................................. 80

Vita .................................................................................................................................... 82

vii

LIST OF TABLES
Table 4.2‐1. Equipment and parameters used during collection of seismic reflection data in
November 2009. ............................................................................................................... 35
Table 5.2.2‐1. Parameters used for static correction of integrated seismic reflection data. ........ 35
Table 6.3‐1. Depths (in m) to reflector shown in Figure 6.3‐1, based on two‐way travel times
from time stack and range of velocities. .......................................................................... 35

viii

LIST OF FIGURES
Figure 1.0‐1. Modeled flow paths for 1,000 particles released (uniformly but randomly
distributed) below the Yucca Mountain repository. Numbers indicate modeled
water table elevations (m); Yucca Mountain shown in green box; and research area
shown in the red box. Figure modified from the Saturated Zone Site‐Scale Flow
Model (Sandia National Laboratories 2007). Black numbers denote water table
elevation contours, and the blue line shows the southern compliance boundary for
Yucca Mountain radiological release modeling. Surface elevations range from 750
m at the southern extent of the figure to 1,870 m at the northern extent. The left
panel shows elevation changes of the particles as they move through the flow
system. .............................................................................................................................. 36
Figure 1.1‐1. Location map showing area of investigation relative to other landmarks. .............. 37
Figure 1.1‐2. Geologic map of the area of investigation. Modified from Potter et al. (2002);
refer to Potter et al. (2002) for description of geologic units and symbology. Heavy
dashed black line indicates extent of 2007 seismic reflection survey (see Figure 2.2‐
1). Green lines indicate locations of other geophysical surveys, as described in
Section 2.3. Purple line shows location of geologic cross‐section shown in Figure
3.3‐1. ................................................................................................................................. 38
Figure 1.2‐1. Alluvium/volcanic contact profile, based on geologic data from nearby
boreholes. Also shown are the elevation of ground surface, borehole locations, and
water table. Bullfrog Tuff age reported as 13.25 Ma, Tiva Canyon Tuff age reported
as 12.7 Ma (Potter et al., 2002). Data used to build the figure are published by Nye
County at www.nyecounty.com. ...................................................................................... 39
Figure 2.2‐1. Stacked seismic section from the survey conducted in 2007. The inferred
alluvium/volcanic contact (as shown in Figure 3.3‐1) is represented by a green line.
“SP” on the top horizontal axis denotes the shot point; the associated numbers
correspond to geophone station numbers. Velocities for time‐to‐depth conversion
ranged from approximately 500 m/s (29P) to approximately 700 m/s (19D). ................. 40
Figure 3.3‐1. Portion of Nye County Phase V cross‐section B‐B’ with approximate boundary
of Models 1 and 2 shown in red. Wells 19D (borehole 19D1) and 29P are
approximately 1,300 m apart; total depth of 29P is 240 m, and total depth of 19D1
is 438 m. The green line shows the alluvium‐volcanic contact used for Model 1; the
blue line shows the contact used for Model 2. ................................................................ 41
Figure 3.3‐2a. Smoothed velocity profile for Model 1. Note the velocity transition between
the upper and lower units, due to the smoothing operator. Vertical axis is depth
(m) below ground surface; horizontal axis is distance (m), along the profile.
Colorbar indicates velocity (m/s) of the modeled material. ............................................. 42
Figure 3.3‐2b. Smoothed velocity profile for Model 2. Transition zone between upper and
lower units is an artifact of the smoothing operator. ...................................................... 42
Figure 3.5‐1a. Synthetic seismogram for Model 1 with free surface condition on upper
model boundary. Vertical axis is time (ms); horizontal axis is distance (m), along the
profile. ............................................................................................................................... 43

ix

Figure 3.5‐1b. Synthetic seismogram for Model 1 with absorptive condition set on upper
model boundary. Note the reduction in noise in the lower part of the seismogram
relative to Figure 3.5‐1a. ................................................................................................... 43
Figure 3.5‐2. Synthetic seismogram for Model 2 with absorptive condition set on upper
model boundary................................................................................................................ 44
Figure 3.5‐3. Comparison between seismograms generated from unsmoothed (top panel)
and smoothed (bottom panel) velocity and density models. Note the “ringiness”
visible in the synthetic whose velocity and density contrasts are not smoothed. ........... 45
Figure 3.5‐4a. Synthetic seismogram for Model 1 with 10 m model sampling. ............................ 46
Figure 3.5‐4b. Synthetic seismogram for Model 1 with 5 m model sampling. .............................. 46
Figure 3.5‐4c. Synthetic seismogram for Model 1 with 2.5 m model sampling. ........................... 46
Figure 3.5‐4d. Synthetic seismogram for Model 1 with 1 m model sampling. .............................. 46
Figure 3.5‐5a. Synthetic seismogram for Model 1 with shot positioned at 200 m. ...................... 47
Figure 3.5‐5b. Synthetic seismogram for Model 1 with shot positioned at 400 m. ...................... 47
Figure 3.5‐5c. Synthetic seismogram for Model 1 with shot positioned at 600 m........................ 48
Figure 3.5‐5d. Synthetic seismogram for Model 1 with shot positioned at 800 m. ...................... 48
Figure 3.5‐5e. Synthetic seismogram for Model 1 with shot positioned at 1,000 m. ................... 49
Figure 3.5‐5f. Synthetic seismogram for Model 1 with shot positioned at 1,200 m. .................... 49
Figure 3.5‐6. Comparison between seismograms from Model 1 (top panel) and Model 2
(bottom panel) with a 10 m sampling interval and shot located at 1,400 m. .................. 50
Figure 4.0‐1. Map showing seismic reflection line and well locations where borehole seismic
data collection was attempted (labeled in blue). Electrical noise issues from a
nearby transmission line at wells 19P and 19D prevented effective picking of first
breaks. Station numbers (in meters) are shown to the left of the shot/geophone
line. ................................................................................................................................... 51
Figure 4.1‐1. Schematic diagram showing field setup for borehole seismic data collection.
The red triangle shows the variables used in Equation 1 to calculate the length of
the direct path from the strike plate to the down hole geophone. ................................. 52
Figure 4.2.1‐1. Map showing south end of reflection survey line shot and geophone
locations. Shots are located on the road; geophones are located approximately 5 m
to the west. Station numbers are shown for each geophone and shot location. ............ 53
Figure 5.1‐1. Seismogram collected at well 24PB with geophone at 15 m depth and strike
plate at 2.5 m offset from the well. The red line on channel 1 shows the first break
pick for this record at 8.21 ms. Trace 1 is the vertical component of the geophone;
trace 2 is the longitudinal component; trace 3 is the transverse component. Note
that positive amplitude is to the right. ............................................................................. 54
Figure 5.1‐2. Averaged apparent velocities calculated from borehole seismic data for well
24PB at 2.5 m (top), 5 m (middle) and 7.5 m (bottom) strike plate offsets. .................... 55

x

Figure 5.2.1‐1. Example shot gathers after individual data files were integrated. Horizontal
axis shows shot location (top) and receiver locations (next line down); vertical axis
is time (ms). ...................................................................................................................... 56
Figure 5.2.2‐1. Elevation profile of the seismic line, based on GPS location of the
geophones. Note the offsets in elevation at various points. ............................................ 57
Figure 5.2.2‐2. Shot gather 464 (north end of the seismic line) shown pre‐statics correction
(top panel) and post‐statics correction (bottom panel). The total upward shift after
statics correction on the north end of the line is 23 ms. .................................................. 58
Figure 5.2.3‐1. Comparison of RMS (left) and AGC (right) methods. Note the stronger
reflection and increased noise events on the AGC panel. ................................................ 59
Figure 5.2.3‐2. Panels showing shot gathers with RMS gain control applied. Note how noise
overwhelms any reflections at distant receivers (left sides of each panel). .................... 60
Figure 5.2.4‐1. Comparison of shot gathers before frequency filtering (left) and after (right).
The frequency spectrum for gathers is shown below each. ............................................. 61
Figure 5.2.4‐2. Shot gathers shown before top muting (top panel) and after (bottom panel). .... 62
Figure 5.2.5‐1. Example of normal moveout data for a horizontally stratified earth (a), as
well as moveout corrected data (b, c, and d). Figure reprinted with permission from
Yilmaz (1987)..................................................................................................................... 63
Figure 5.2.5‐2. Panel showing Semblance Spectra interactive velocity picking in Reflector.
Panel A shows velocity as a function of two‐way travel time; B shows interval
velocities; C is an original shot gather; D is the shot gather with NMO applied
(based on picked velocities); and E shows a composite stack overlain with the
velocity field (colors). In panel E, the vertical red line at the right side represents
the active shot gather for which velocities are being picked (panel C); red dots
represent shot gathers and time locations for which velocities have been picked.
Cool colors (blue, green) represent slower velocities, and warm colors (orange, red)
represent higher velocities. Note the abrupt lateral velocity variations visible in
panel E, and higher near‐surface velocities in panels A and B. ........................................ 64
Figure 5.2.6‐1. Final CDP seismic time stack. Straight mean stacking method was used with
a window value of 3. Note that color density display was used due to large number
of traces in the final stack. ................................................................................................ 65
Figure 5.2.6‐2. Final stack created from shot gathers, shown for comparative purposes.
Straight mean stacking method was used with a window value of 3. Color density
display is shown for consistency with Figure 5.2.7‐1. ...................................................... 66
Figure 5.2.6‐3. Final migrated CDP time stack. .............................................................................. 67
Figure 5.2.6‐4. Final migrated CDP depth stack, converted from the migrated time stack
shown in Figure 5.2.7‐3 using the velocity field generated during interactive velocity
picking. An example of data compression in the time‐to‐depth conversion due to
abrupt velocity field change is shown in the green box. .................................................. 68
Figure 5.2.6‐5. Velocity section overlain on CDP time stack. Colorbar indicates velocities
(m/s): warm colors (red, orange) represent higher velocities; cool colors (green,
blue) represent lower velocities. ...................................................................................... 69

xi

Figure 6.1‐1. Shot gather annotated to show direct arrival, airwave, noise, and primary
reflection/refraction. Note that noise in the gather tends to overwhelm potential
reflections/refraction later in time and farther away from the source (in this case,
the source is off the right side of the gather). .................................................................. 70
71
Figure 6.2‐1. Mirrored CDP depth stack with boreholes and geologic information annotated.
Corresponding portion of the Nye County geologic cross‐section for the area is
shown below for comparison. Depth extents for both panels are approximately 450
m. Note that borehole 19D1 was completed as well 19D. .............................................. 71
Figure 6.3‐1. Final migrated CDP time stack with well locations, Tpt Hill, mapped faults
(dashed blue lines), and reflector (dashed green line) near well 24PB annotated.
Note that wells are not scaled to depth. .......................................................................... 72
Figure 6.3‐2. Seismic line on local geologic map. Modified from Potter et al. (2002). ................. 73

xii

1.0 INTRODUCTION
Yucca Mountain, located in southern Nevada, was designated by Congress in 1987 as the
sole candidate site for a high‐level nuclear waste repository (Nuclear Waste Policy Act [As
Amended], 2004). Subsequently, multiple federal and local agencies conducted extensive
scientific characterization of Yucca Mountain and the surrounding area. This characterization
effort produced several hydrologic flow models which suggest that radionuclides entering the
groundwater system at Yucca Mountain would be transported south‐southeast toward
Fortymile Wash (Figure 1.0‐1), then south‐southwest along the course of the wash (Sandia
National Laboratories 2007). Along this pathway, the models suggest that radionuclides would
eventually move from fractured volcanic units into alluvium.
Tracer testing has been used to test groundwater flow and transport through the fractured
volcanic rocks at Yucca Mountain (Umari et al. 2008). Other tracer tests have been conducted in
alluvium down gradient from Yucca Mountain (Norwest Questa Engineering Corporation 2008).
InterPreliminary inter‐borehole flow testing was conducted at the alluvium/volcanic interface
down gradient from Yucca Mountain, and results suggested groundwater flow velocities could
be much higher than previously thought (Freifeld et al. 2006). No confirmatory work has been
performed to validate the results of Freifeld et al. (2006).
Tracer testing across this interface could provide valuable information on the flow and
transport characteristics of groundwater across the interface, and lead to a better
understanding of the groundwater flow path south of Yucca Mountain. In order to conduct a
tracer test across the interface, a minimum of two wells, one in saturated fractured volcanics
and the other in saturated alluvium, must be installed. This location would ideally have a steeply
dipping alluvium/volcanic interface (to allow shorter distances between the injection and

1

recovery wells); be in or close to the modeled flow path; and be close to existing well sites for
geologic control.
The orientation and nature of the alluvium/volcanic contact in the area is not well known,
as discussed in later sections. Seismic reflection was the geophysical method chosen to image
the alluvium/volcanic contact, to determine a suitable location for installation of tracer testing
wells. This thesis documents the field data collection, modeling, processing, and subsequent
analysis and interpretation used to determine a suitable location.

1.1 Area of Investigation and Geologic Setting
Yucca Mountain is located in a structurally and stratigraphically complex area in the
southwestern portion of the southwestern Nevada volcanic field and the central Basin and
Range province (Potter et al. 2002). The Yucca Mountain area is characterized by the presence
of Proterozoic through Mississippian sedimentary and metasedimentary rocks, thick sheets of
Miocene volcanic tuffs, basaltic cinder cones, and basin‐filling deposits of Cenozoic alluvium of
variable thickness (e.g., Potter et al. 2002).
The field area for this thesis project (Figure 1.1‐1) was selected to be near the terminus of
surface exposures of the Miocene tuff units, where Nye County boreholes provide some
geologic control. The area is approximately 17 km south of the Yucca Mountain repository site.
This area is bounded to the west by upturned east‐dipping sections of the Miocene Paintbrush
Group tuffs (Potter et al. 2002), and to the east by Fortymile Wash. In the central portion of the
study area is a southeast‐dipping exposure of Paintbrush Group tuffs that forms a small hill
(Figure 1.1‐2), known locally as Paintbrush (Tpt) Hill. To the north lies the upland area of Jackass
Flat, and to the south lies Amargosa Valley.
Underlying the study area are thick sequences of Paintbrush and Crater Flat Group tuffs, as
well as various sedimentary units, pre‐Crater Flat Group tuffs, and older Paleozoic carbonate
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rocks. As the region underwent extension approximately 11.6 to 11.45 Ma (e.g., Potter et al.
2002), stratigraphic blocks were faulted (down to the west) and local alluvial basins formed.
Because they underlie alluvium in the boreholes in the study area, this study will focus primarily
on the Tiva Canyon Tuff member of the Paintbrush Group and the Bullfrog Tuff member of the
Crater Flat Group, although other units may be discussed. Following is a partial description of
the two tuff units of interest (Potter et al. 2002, pp. 33‐36).


“Tpc (Tiva Canyon Tuff) ‐ Pinkish‐gray to pale‐red, light‐ to medium‐gray, and pale‐
brown to brownish‐black, rhyolitic pyroclastic flow deposit; compositionally zoned
from lower crystal‐poor rhyolite to upper crystal‐rich quartz latite that is locally
pumice rich. Tuff is densely welded and devitrified and contains vapor‐phase
mineralization. Tuff has a basal nonwelded to partly welded vitric zone; locally
contains a basal (crystal‐poor) or upper (crystal‐rich) vitrophyre, or both; typically
contains a basal bedded tuff that locally contains fallout and surge deposits.”



“Tcb (Bullfrog Tuff) ‐ Light‐purplish‐gray to light‐gray and tan to pale‐red, rhyolitic
pyroclastic flow deposit; massive; densely welded and devitrified interior with
nonwelded to partly welded and locally vitric margins in southern Yucca Mountain,
but with partly to moderately welded and devitrified interior with nonwelded
devitrified margins in northern Crater Flat, southwest of Busted Butte, in the
Calico Hills, and at Little Skull Mountain. Unit locally exhibits a basal bedded tuff.
In southern Yucca Mountain, the Bullfrog Tuff contains a thick basal vitrophyre,
and locally is capped by a dark‐brown breccia deposit of poorly sorted,
subrounded to subangular cobbles and boulders of Bullfrog Tuff and older
lithologies.”
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Mapped faults, based on the geologic map of Potter et al. (2002), are present in the thesis
field area (Figure 1.1‐2). Although not shown on the geologic map, it is assumed that the fault
through Tpt Hill is also a splay of the Paintbrush Canyon fault. At the south end of the field area
is a splay of the Highway 95 fault.

1.2 Nye County Wells
Nye County drilled and completed multiple wells in the area south of Yucca Mountain as
part of its Early Warning Drilling Program (EWDP). Several of these wells are located in the area
investigated for this thesis. These wells are named NC‐EWDP‐##PX, where NC‐EWDP represents
the Nye County Early Warning Drilling Program, ## is the numeric designator for the well site, P
denotes a piezometer well, and X, if present, is a letter (generally A, B, etc.) designating the first,
second, etc. well at the site. For brevity, the ‘NC‐EWDP’ prefix will not be used herein, and wells
will be referred to only by their numeric and letter suffixes. For example, the well NC‐EWDP‐
24PB will be referred to as well 24PB.
EWDP boreholes are typically drilled and completed as wells by: 1) drilling and setting a
conductor casing to a depth less than 30 m; 2) drilling a smaller diameter borehole to total
depth; 3) installing the well screen and casing (or piezometer tube); 4) installing sandpack
around the well screen; and 5) backfilling the annular space above the sandpack with bentonite
grout or other suitable material.
The wells of interest for this study are 19D, 29P, and 24PB. Cuttings samples from the well
boreholes indicate that the contact between alluvium and underlying Miocene volcanic
“bedrock” varies in depth between 97 and 251 m (Figure 1.2‐1; NWRPO 2009a). In each of the
boreholes shown in Figure 1.2‐1, a different tuff unit is encountered at the alluvium/volcanic
contact. The seismic characteristics of these different units have not been previously studied at
this location; however, data on some alluvium properties (i.e., particle size distribution,
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cementation, clast type) are available for the boreholes in the field area. Given the apparent
steeply dipping alluvium/volcanic contact (or bedrock termination) between wells 29P and 19D
(see Figure 1.2‐1), a possible tracer complex location might be between those wells.
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2.0 PREVIOUS WORK
2.1 Tracer Testing
Tracer tests in the Yucca Mountain area have yielded valuable data on the flow of
groundwater and transport of tracers through volcanic tuff and through alluvium. However, the
flow and transport characteristics of the alluvium/volcanic interface have not been tested and
are presently unknown.
The USGS conducted several tracer tests from 1996 to 1998 in a set of boreholes
completed in the Miocene tuff units (dubbed the “C‐hole Complex”) located approximately 0.5
km east of the repository site at Yucca Mountain. These tests were conducted to determine the
flow porosity, storage porosity, and longitudinal dispersivity of the tuff units (Umari et al. 2008).
Los Alamos National Laboratory also conducted tracer testing activities at the C‐hole complex
(Reimus et al. 2003). Each of the above tests yielded data on flow and transport characteristics
of the Miocene tuff units near the repository.
In 2004, Nye County began conducting single‐ and multiple‐well tracer tests in a set of
wells (dubbed “Site 22”) completed in alluvium, approximately 14 km south of the repository
site (Figure 1.1‐2). The majority of these tests were completed late in 2005 (Norwest‐Questa
Engineering Corporation 2008); however, a multiple‐well natural‐gradient tracer test was
started at Site 22 in 2006 and was completed in November 2009. Data from these alluvial tracer
tests have been used to estimate flow and transport characteristics of the alluvium down
gradient from Yucca Mountain.

2.2 Seismic Reflection
A seismic reflection survey was designed and conducted by the author for Nye County in
2007 (NWRPO 2007) to assess the utility of seismic reflection for imaging the alluvium/volcanic
interface. Raw data were sent to an independent data processing house that was unable to
produce a final stacked section, citing several problems with the data and how they were
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collected. The section produced by the processing house is shown in Figure 2.2‐1. These
problems included using geophones with different resonant frequencies for different portions of
the survey and incorrect field filtering of the data.

2.3 Electrical Resistivity and Electromagnetic Methods
A large‐scale electrical resistivity survey, conducted by the U.S. Geological Survey (USGS)
and Nye County (Hoffmann 2007) produced valuable data on deeper geologic units and faults in
the area. This survey was the first of a series of successful surveys using electrical methods.
However, the scale at which the work was conducted resulted in only marginal characterization
of the alluvium/volcanic contact; i.e., the contact is visible, but scalloping effects are present
which obscure details at the scale required to determine the optimum location for a tracer well
complex. Later work by this author and others (Macy et al. 2012) used electrical resistivity and
electromagnetic methods to characterize the Highway 95 Fault. These survey lines only overlap
the southern portion of the thesis area (Figure 1.1‐2). Some of these electrical surveys and the
previously described seismic reflection survey were used to update Nye County’s geologic cross‐
section, described in Section 3.2.
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3.0 FORWARD SEISMIC MODELING
3.1 Objectives
Forward modeling of seismic data is useful for predicting the theoretical response of a
given reflector geometry, source position, and receiver array. Synthetic data generated by
forward modeling can be compared to data collected in the field in order to find clues about the
real reflector geometry, identify problems with the field data, and validate results. The two
models constructed are described below, and are intended to simulate, in a simple fashion, the
most current interpretation of the alluvium/bedrock contact in the thesis area. Preliminary
analysis of bedrock geometry in the area of investigation (i.e., Figure 1.2‐1) indicated that a
steeply dipping interface, or termination of the bedrock tuff units, exists between wells 19D and
29P. Hence, the scope of this modeling effort was confined to the southern portion of the area
of investigation, between wells 19D and 29P. The steps necessary to set up and conduct forward
modeling are described in detail in the following sections. The purpose of computing these two
models is to see if the real data respond primarily to the alluvium/volcanic contact or to the
deeper feature that is geologically more uniform (described below).

3.2 Software
In order to conduct modeling, seismic modeling software had to be chosen and installed.
The software was desired to be robust, industry standard, readily available, free or low cost, and
easy to use. Three software packages were considered: E3D, WPP, and Seismic Un*x (SU). Based
on these criteria, SU was chosen, primarily for the availability of technical support. This software
is freely available from the Center for Wave Phenomena at the Colorado School of Mines, and is
typically used as a seismic data processing and software development environment (Stockwell
and Cohen 2008). The software (Release 41) was downloaded and compiled on the Mac OS X
(Snow Leopard) platform.
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3.3 Geologic Model Considerations
Two geologic models were constructed based on the Nye County Phase V Geologic Cross‐
Section B‐B’ (NWRPO 2009b) shown in Figure 3.3‐1. These models provide the basis for the
seismic simulations in SU. Both of these models (referred to herein as Model 1 and Model 2) are
limited in spatial extent from near well 19D to just north of well 29P, a distance of
approximately 1,440 m (this corresponds to 144 geophones on a 10‐m spacing, the
configuration used in the 2009 seismic reflection survey). Figure 3.3‐1 shows the approximate
extent of Models 1 and 2 on a portion of cross‐section B‐B’. For the purposes of this discussion,
the geologic units of concern are:


Q/Tal – Quaternary/Tertiary alluvium



Tsy2 – Younger Tertiary sediments



Tsy1 – Younger Tertiary sediments (older than Tsy2)



Tmt – Tertiary “Mystery” tuff



Tp – Paintbrush group tuff

Nye County has reported dry bulk density values ranging between 1.81 and 1.89 g/cm3 for
alluvium (depending on whether the measurements were made on sonic core returns or drive
core returns), based on drilling and lab testing of alluvium in Nye County boreholes (NWRPO
2004). For simplicity, and to ensure a density contrast between alluvium and the underlying
units, a density value of 1.8 g/cm3 was assigned to alluvium in this modeling effort. Lower‐bound
P‐wave velocities of approximately 770 m/s were determined in the alluvial portion of well 24PB
during a borehole seismic survey conducted in November 2009. A velocity value of 700 m/s was
assigned to alluvium for both Models 1 and 2.
Brocher et al. (1998) report the density of Tiva Canyon Tuff, which was penetrated
beneath the alluvium in borehole 29P (Fig. 1.2‐1), as ranging from 1.8‐2.0 g/cm3. In order for the
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models to have a density contrast between alluvium and other units, a density value of 2.0
g/cm3 was applied to the unit underlying the alluvium in both models. Nelson and Anderson
(1992) reported P‐wave velocity values for welded tuffs in the Yucca Mountain stratigraphic
sequence, which includes the units of interest in this study, as being generally higher than 3,500
m/s; the same authors report nonwelded tuff velocities as generally less than 3,500 m/s.
However, during previously conducted seismic reflection work no large density/velocity
contrasts (i.e., reflection events) were noted. For this reason, a velocity of 1,200 m/s was
assigned to the unit underlying the alluvium in both models.
Based on the uncertainty in the properties of geologic units of concern, two
conceptualizations were created for this project. Model 1 (Figure 3.3‐2a) is a representation of
the boundary between the alluvium and underlying sediments, and assumes that the properties
of the materials beneath the alluvium (i.e., Tp, Tsy2, Tsy1, and Tmt) are the same. Model 2
(Figure 3.3‐2b) is a representation of the boundary between units that may actually have similar
mechanical characteristics (i.e., alluvium, Tsy2, Tsy1, and Tmt) and the underlying Tp. For both
models, the density/velocity for alluvium were assigned to the upper unit, and the
density/velocity for Tp were assigned to the lower unit.

3.4 Methodology
The demonstration script XDEMO5 in SU was used as a starting point, because it creates
velocity and density models from a set of geologic surfaces, then runs the finite‐difference script
SUFDMOD2 and displays the results as a movie. XDEMO5 was modified to do the following:
1. Read in the geologic models described in Section 3 and create density and velocity
profiles;
2. Smooth the velocity and density profiles created in step 1 within a user‐defined
window;
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3. Plot the velocity and density profiles (both unsmoothed and smoothed);
4. Run the finite‐difference script SUFDMOD2 using the smoothed profiles; and
5. Output a synthetic seismogram showing the results of a shot at a single location.
The resulting script was named REFMODEL1 or REFMODEL2, depending on the geologic
model called by the script. REFMODEL1 script is shown in Appendix X. The scripts were run using
several different variations of boundary conditions, shot locations, and model discretizations
(i.e., width of each model cell in the X and Z directions).

3.5 Results
The REFMODEL scripts were initially run with the left, bottom, and right model boundaries
set as absorptive, and the top boundary set as a free surface. This last condition proved to
introduce excessive noise into the synthetic seismogram (shown for Model 1 in Figure 3.5‐1a).
Setting the top boundary to be absorptive reduced this noise significantly (Figure 3.5‐1b). The
synthetic seismogram generated for Model 2 with a top absorptive boundary is shown in Figure
3.5‐2. The events shown in Figure 3.5‐2 are discussed in more detail in the following sections.
Upon running the REFMODEL scripts, it was noted that the unsmoothed velocity and
density profiles for Models 1 and 2 each had sharp contrasts at the unit interfaces, as expected.
A smoothing function was added to the script to reduce the abruptness of the velocity and
density transitions (effectively making them more closely resemble a transition that would be
observed in geologic materials at depth). The smoothed profiles exhibit a transition zone
between the upper and lower units, as shown in Figures 3.3‐2a and 3.3‐2b. This is due to the
averaging function of the smoothing operator, which tends to “smear” the contrast over several
model cells (Carlos Calderón‐Macías 2010, pers. comm.). Smoothing is necessary to reduce the
artifacts introduced into the seismogram by the discretization of the model. Figure 3.5‐3 shows
a comparison of seismograms created from smoothed and unsmoothed velocity and density
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fields, using a wiggle plot to enhance the visibility of the smoothing effect on the output. All
model runs, with the exception of the top panel in Figure 3.5‐3, were conducted using the
smoothed density and velocity fields.
Models 1 and 2 were run with several different sampling intervals to determine the
variation in resolution of the resulting seismograms. Sampling intervals tested include 10 m, 5
m, 2.5 m, and 1 m. Synthetic seismograms for Model 1 at each sampling interval are shown in
Figures 3.5‐4a to 3.5‐4d. These figures are shown in color to better highlight the energy in the
lower (later) part of the seismograms. The increase in resolution at each smaller sampling
interval comes at the cost of increased processing time to generate the synthetic, ranging from
near‐instantaneous for the 10 m interval to several minutes for the 1 m interval. The 2.5 m
sampling interval strikes a balance between seismogram resolution and processing time
(approximately 35 seconds).
Reflector geometry has a distinct effect on the synthetic seismograms, especially in areas
where there are rapid changes in dip of the reflector in the direction of wave propagation (i.e.,
distinct reflection events produced at ~1,200 m offset for Model 1; at ~800 and 1,100 m offsets
for Model 2). However, not all “stair steps” in the models are imaged well in the synthetics.
Note how the three events in Figure 3.5‐2 correspond to “stair steps” in the velocity field shown
in Figure 2, but that not all “stair steps” seem to produce these events (particularly in the left
side of the section). This may be due to the reflector geometry masking the reflector surface,
depending on the location of the source.
Figures 3.5‐5a to 3.5‐5f show synthetics for Model 1 at 200, 400, 600, 800, 1,000, and
1,200 m source offsets. The vertical position of the reflection event at the 1,200 m offset
becomes shallower with each increment to the right in shot position, as expected. It is
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interesting to note that at the 1,200 m source offset, the reflection event eventually becomes
masked by the primary reflection.
Models 1 and 2 were also run with 10 m sampling interval and a shot located at 1,400 m,
in order to simulate the field seismic reflection survey geometry. The synthetic “wiggle plot”
seismograms showing the output from these model runs are shown in Figure 3.5‐6. The data in
these seismograms are nearly identical; this is due to the similarity in the north side of the
model geometry, as well as the placement of the source in the model.
The synthetic data (for both Models 1 and 2) are very similar, with visible direct arrival,
primary reflection, and noise. This similarity is likely due to the similarities in geometry between
the two models at offsets greater than about 500 m (i.e., similar interface depth, upward
dipping attitude, etc.; see Figure 3.3‐2). The airwave is not present in the synthetic data due to
the absorptive top boundary condition specified in the models. The observed noise (“ringiness”)
may be due to P‐waves reverberating in the smoothed transitional zone between the top and
bottom layers. Because of the similarities between the results for Models 1 and 2, it was not
possible to use them in comparison with experimental results to determine which of the two
scenarios more closely represented the responses observed in the seismic reflection data.
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4.0 FIELD DATA COLLECTION
Borehole seismic and surface seismic reflection data were collected during November
2009 at the locations shown in Figure 4.0‐1. A description of the data collection process for
each method is given in the following sections.

4.1 Borehole Seismic
Seismic P‐wave velocities in the alluvium were characterized by collecting borehole seismic
data in well 24PB, in the northern part of the study area. Other wells where data collection was
attempted include 19P and 19D. Data collection was not possible in well 29P because the
borehole geophone was larger than the well casing.
Equipment used to collect borehole seismic include a GeoStuff 3‐component geophone
connected by a 100 m coaxial cable to an analog‐to‐digital converter into a laptop computer
with Geometrics acquisition software. The geophone contains a fluxgate compass and servo
mechanism that automatically orients the horizontal geophone to an azimuth selected by the
operator (Geostuff 2013). For this survey, the horizontal geophone was oriented to magnetic
north. Prior to installation of the geophone in the wells, the cable was laid out on ground
surface and marked at 5 m intervals.
A 4.5‐kg sledgehammer and 25‐cm by 25‐cm steel strike plate were used to provide
seismic energy to measure one‐way travel time between the source and the geophone in the
well. Because the wells are completed with steel casings and/or steel surface casings, there was
concern that the acoustic velocity of steel would influence the measured travel times. To
address this concern, data were collected with the strike plate set at 2.5 m, 5 m, and 7.5 m
offsets north of the wells. A schematic diagram of the field setup for collecting borehole seismic
data in shown in Figure 4.1‐1.
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The work flow for data collection consisted of lowering the geophone into the well (using
the marks on the cable for depth control) at 5 m intervals, clamping the geophone to the side of
the piezometer tube using the built‐in decentralizer spring, arming the acquisition software,
and striking the plate with the sledgehammer. The acquisition system, triggered by the energy
of the hammer striking the plate, recorded the seismic energy at the geophone. Several data
sets were “stacked” for each offset, to increase the signal to noise ratio in the data. Using these
data, one‐way travel times (the time at which the first energy arrives at the geophone, or “first
breaks”) were picked in the field for the vertical geophone and recorded in the scientific
notebook for the project. Also recorded in the notebook were depth from top of well casing,
path length, apparent velocity, and data file name. Data processing and interpretation are
described in more detail in Section 5.1.
Electrical noise issues (multiples of 60 Hz frequency were noted in the data) precluded
picking of first breaks in data collected at 19P and 19PB. This noise was likely due to the
presence of nearby overhead power lines.

4.2 Surface Seismic Reflection
Equipment used to collect seismic reflection data is shown in Table 4.2‐1. The majority of
the equipment belongs to the University of Nevada Las Vegas Applied Geophysics Center;
however, the 40‐Hz geophones were acquired from the Incorporated Research Institutions for
Seismology.

4.2.1 Survey Geometry and Progression
As noted previously, the seismic reflection survey was conducted along an existing road, to
reduce environmental impacts and allow easy access for the 3,182 kg IVI trailer‐mounted
miniature seismic vibrator (minivib) unit. The survey started at the south end of the line, near
well site 19. For each shot, the minivib pad was generally placed in the middle of the road. The
line of geophones was planted approximately 5 meters west of the shot location (Figure 4.2.1‐
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1). Geophones were planted singly 10 m apart; this spacing was dictated by the spacing on the
takeout cables. Note that one takeout cable was 2 m shorter than all the others, resulting in a
single anomalous geophone offset of 8 m. Station numbers (in meters) were assigned for each
of the shot and geophone locations, starting with station 4,090 m at the south end of the line
(refer to Figure 4.0‐1). The first geophone station was located at 4,000 m; station numbers
decreased to the north. Shot and geophone locations were also recorded with a global
positioning system.
The available equipment allowed 144 geophones to be planted and connected to the
takeout cable at any time. Every second takeout cable was connected in serial fashion to
Geometrics Geode analog‐to‐digital converter boxes. The final Geode box was controlled by a
laptop PC running Geometrics Seismodule Controller Software. The resulting acquisition system
was capable of collecting data on 144 channels.
Qualitative testing of multiple acquisition parameters was conducted in the field to
identify the configuration resulting in the “best” (i.e., highest signal‐to‐noise ratio) data.
Although 144 geophones were connected to the system (one geophone per channel), only 97
channels were active per shot. Different shot locations were also tested to determine whether
interference from overhead powerlines would influence data quality. After testing, the minivib
unit was programmed to sweep from 25 to 300 Hz over 5 seconds, and was triggered by the
seismograph operator using a Radio Triggering System (RTS). Seismograph listen time was set to
6 seconds, and the sample interval was set to 1 ms. The frequency sweep used by the minivib
was relayed via RTS, recorded by the seismograph (channel 24), and autocorrelated in the field
with the data in each record to remove it from the data.
In order to increase the signal‐to‐noise ratio in the data, four shots were conducted and
stacked at each shot location. After data were successfully acquired at each shot location, the
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minivib was moved north 10 m, and the set of active geophones rolled forward by the
Seismodule software. After reaching the last active geophone (i.e., channel 1), the inactive
takeout cables and geophones were leapfrogged ahead to the front of the line.
The survey progressed northward in this fashion toward well site 24, geophones parallel to
the road. The first shot for the survey was located at station 4,060 m to reduce the noise from
nearby overhead powerlines. The final shot was located at station 464 m, approximately 300 m
south of well 24PB. This required hiking the takeout cables and geophones north of the well site
on an existing trail (no additional environmental clearances required). The farthest‐north
geophone was located at station ‐546 m.

4.2.2 Sources of Error
This section describes issues encountered during reflection data collection that may have
some impact on the data during processing and interpretation. Most issues were dealt with
directly in the field (i.e., replacing nonresponsive geophones); however, others are related to
geometry and quality of data. The alluvium in the survey area consists of fine sand and silt, and
is loosely consolidated at surface. In some cases, this led to problems getting geophones to
couple properly with the earth. In several instances, nonresponsive geophones were found to be
planted in gopher holes. Generally, replanting the geophones fixed this problem; otherwise, the
geophones were replaced with spares. Takeout cables rubbing against bushes produced noise
visible at the seismograph. Once this was noticed, care was taken to run takeout cables along
the ground, rather than letting them hang in bushes. Noise from overflying airplanes was noted
frequently during the survey. Wherever possible, data were reacquired once the noise abated,
but in some cases the final field records contain excessive airplane noise. This noise is most
significant at farther offsets from the minivib, where the source signal is diminished. On several
occasions, work was stopped when high winds caused excessive noise.
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In several cases, the RTS did not function properly, either not relaying the sweep signal
back to the seismograph, or relaying an incorrect signal. This changed the character of the field
data dramatically, because autocorrelation at the seismograph did not properly remove the
source signal from the data. Data sets at a given shot location were reacquired once the RTS
problems were fixed. In one case, the transmitting antenna (at the minivib) was malfunctioning,
and had to be replaced. Starting at shot station 614 m, the air spring on the minivib developed a
leak and had to be reinflated every second shot. The leaking spring caused noticeable noise in
the field data, but with no spare parts and the end of the seismic line near, the decision was
made to finish data collection without effecting permanent repairs.
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5.0 DATA PROCESSING
This section discusses the processing of borehole seismic and surface seismic data. While
the processing of borehole seismic data (with the goal being to determine alluvial velocities) was
quantitative and relatively straightforward, much of the processing for the surface reflection
data relied on more qualitative analysis and best judgment at each processing step. Many
options were available for each step (e.g., for filtering, the options available included standard
frequency, time‐variant, frequency‐wavenumber, and Tau‐P filtering); the options ultimately
chosen at each step were the ones that produced the “best” result in the author’s opinion,
following testing. In the end, field data were processed from start to finish several times to test
options and to correct problems or errors identified during the process.
All data, including raw and processed borehole seismic, raw and processed surface
reflection, minivib frequency sweeps, GPS locations, and copy of field notes are included in
Appendix B.

5.1 Borehole Seismic
One‐way travel times were picked in the field, and were later tabulated, verified, and
graphed in the office. After verification, all field picks were accepted as being correct. This
section discusses the process of picking first breaks, calculating the path length from source to
downhole geophone, and calculation of apparent velocity. (Apparent velocity is the calculated
velocity based on field measurements, which may differ from true in situ alluvial velocity.)
Factors introducing uncertainty to the apparent velocity calculation include wellbore deviation
(less than 2 m over the depth profiled) and possible refractions within the alluvial sequence.
The locations of the well, strike plate, and geophone form a right triangle (see Figure 4.1‐
1), which allows the use of Pythagoras’ theorem to calculate the length of the direct path
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between the strike plate and the down hole geophone. Pythagoras’ theorem is given below as
Equation 1:
,
(1)
where a is the distance between the center of the strike plate and the piezometer tube against
which the geophone is coupled; b is the vertical distance between ground surface and the
geophone (in this case the distance between the top of the conductor casing and the geophone
minus the distance between ground surface and the top of the casing); and c is the resultant
path length, assuming a perfectly vertical well.
For this project, first breaks were picked where the energy in the seismogram started to
become positive in amplitude (see an example in Figure 5.1‐1). Picking first breaks in the field
was a relatively straightforward process in the upper section of the well using the tools included
with the seismograph operating software; however, signal attenuation made this process more
difficult in the lower sections of the well (generally below about 60 m).
The times corresponding with these breaks were recorded and used along with the direct
path length to calculate the apparent velocity of the alluvium between the strike plate and the
downhole geophone. Equation 2 shows the relationship between velocity (v), distance (c, as
calculated in Equation 1), and time (t).

(2)
In most cases, at least two sets of stacked seismic data were collected for each strike plate
and geophone depth combination, to allow calculation of at least two independent velocities.
Velocity pairs for each geophone depth and strike plate offset were averaged and plotted
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(Figure 5.1‐2). These average velocities were used as the baseline velocity values for alluvium
during the processing of seismic reflection data.
In all cases, apparent velocities increased with depth and ranged from approximately 770
m/s at shallow depths to 3,600 m/s at greater depths. Because the 7.5 m strike plate offset
averages the greatest volume of alluvium for each geophone depth, it is assumed to provide the
most representative alluvial apparent velocity data. The average alluvial velocity in the upper 95
meters for all strike plate offsets was 2,340 m/s.
Field tests in which the steel conductor casing and steel piezometer tube were used in
place of the strike plate (providing a direct path to the geophone along the casing/tube)
indicated velocities of approximately 5,000 m/s. These velocities are much higher than the
measured alluvial velocities, suggesting the influence of the casing/tube is minor; however, the
contribution of the steel to the apparent velocities measured during this study remains
unknown.

5.2 Surface Seismic Reflection
5.2.1 Preprocessing
Before processing, data were preprocessed to ensure the geometry (shot location,
receiver locations and offsets) for each file was correct. These geometry corrections accounted
for the single 8 m offset in one of the takeout cables mentioned earlier. The pilot signal was
removed by muting the traces on which it was recorded. All preprocessing steps were
conducted using Geogiga Front End software. Data files were then integrated into one file for
processing in the Geogiga Reflector software. Integration of the data files resulted in a
comprehensive data set containing all the shot records. The resulting integrated data set was
then checked for errors. Figure 5.2.1‐1 shows example shot gathers after file integration. Each
shot gather contains the same number of traces as there were receivers for each shot, generally

21

97; however, some gathers contained a few additional traces due to incorrect geometry set up
in the field.

5.2.2 Field Statics Correction
Field statics corrections are used to compensate for the effects of features that complicate
interpretation of subsurface reflectors such as weathering in the shallow subsurface and
variation in surface elevation (Telford et al. 1990). Figure 5.2.2‐1 shows the elevation profile for
the seismic line, based on GPS location for the geophones. The elevation at the beginning of the
line was used as the datum (817 m above mean sea level [AMSL]); giving an elevation at the
northern end of the line of 852 m AMSL. The average alluvial velocity in the upper 95 meters,
elevations, and line endpoints were used to apply a static correction to the seismic reflection
data. The corrections were applied by linear interpolation between the endpoints; because the
south end of the line was used as a datum, the largest static time shifts were seen at the north
end of the line. This shift was approximately 23 ms in the upward direction (decrease in time).
Table 5.2.2‐1 shows the parameters used in the field statics corrections. Figure 5.2.2‐2
illustrates the static shift in the northernmost shot gather. Note that the maximum offsets in
elevation between individual geophones shown in Figure 5.2.2‐1 are generally much smaller
than 1 m, but in some cases are larger. These offsets are not considered significant over the 35
m of total elevation gain on the seismic line.

5.2.3 Display Gain
Many of the raw shot gathers, especially south of shot location 714, appeared to contain
very little energy at receivers more than ~200 m from the shot. Applying a display gain was
necessary to be able to see the data for continued processing. Several gain control types were
attempted, but the best balance between signal preservation and noise gain was with the Root
Mean Square (RMS) method. Automatic Gain Control was also attempted, but resulted in higher
noise gains (Figure 5.2.3‐1). It is important to note that in some gathers, the noise at distant
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receivers overwhelms any signal present. This is illustrated in Figure 5.2.3‐2. RMS gain was
applied to all shot gathers.

5.2.4 Deconvolution, Filtering, and Top Muting
Deconvolution is the process of removing the source seismic wavelet from the data (Yilmaz
1987), usually through autocorrelation. This step was performed in the field by the acquisition
software, and thus was not performed in post processing.
The purpose of filtering is to remove unwanted noise (ambient or systematic) from the seismic
data. Several filtering methods were tested, including: frequency‐wave number (F‐K), Tau‐P, and
frequency‐domain. Similar results were achieved with F‐K and frequency domain filtering;
frequency‐domain was the method ultimately applied, based on its simplicity, to remove
ambient noise from the data. The frequency‐domain filter that seemed to remove the most
noise from the data was a Butterworth band‐pass filter with the following settings: Low‐pass =
30 Hz; High cut = 90 Hz; Low slope = 18 decibels/octave; and High slope = 72 decibels/octave.
This filter was applied to all data.
Figure 5.2.4‐1 shows a comparison of the shot gathers before and after filtering, along
with the frequency spectrum of each gather. This filtering greatly reduced the noise in the data,
but also affected the amplitudes of the remaining data (note the faded appearance of the data
in the post‐filtered panel of Figure 5.2.4‐1). A 60‐Hz noise component was present in most
gathers, but most prominent (and sometimes including multiples) in gathers collected near
overhead power lines.
Following the frequency filtering, shot gathers were checked for residual noise. Several
gathers contained excessive noise in which case all traces in the gather were subsequently
muted. Muting sets all values within a window (or the entire trace) to zero, effectively nullifying
its contribution to future processing operations. Top muting was applied to remove noise from
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the gathers that occurred earlier than the first arrivals. An example of top muting is shown in
Figure 5.2.4‐2.

5.2.5 Velocity Analysis and Normal Moveout Correction
Seismic velocity data are used to correct for normal moveout (NMO; the time difference
between traveltime at a given offset and at zero offset [Yilmaz 1987]), which is one of the steps
that must be completed prior to stacking the seismic data. In a horizontally stratified earth with
sufficient velocity contrast between layers, NMO produces a seismic response that is parabolic
in shape (Figure 5.2.5‐1). The NMO correction relies on velocities to remove the effect of offset.
Velocities were picked on both common depth point (CDP) and shot gathers (described in more
detail in Section 5.2.6); however, only the CDP velocities were used to generate the final seismic
section.
Velocities for the reflection data set were chosen interactively using the Semblance
Spectra module in Reflector. This module requires the user to define a simple velocity field for
the data set (in this case velocities were based on those observed in the borehole seismic work
and ranged from 1,000 m/s at ground surface to 4,000 m/s at the bottom of the section), then
selecting (picking) velocities to match velocity‐calculated parabolas to the reflections in selected
gathers. The simple velocity field input at the beginning of the process is then updated with the
picked velocity values. An example of this process is shown in Figure 5.2.5‐2. Velocities are then
used to correct for NMO in each gather before the data are stacked.
Velocity picking was conducted multiple times in an attempt to improve the results of the
NMO corrections as well as stacking, migration, and time‐to‐depth conversion (discussed
below). However, the final velocity field has abrupt lateral discontinuities that proved
problematic in the final stack. When examining the velocity field, it is interesting to note that
velocities vary from 1,099 m/s to 2,892 m/s (often over the span of a few traces). These
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velocities are in the range of values found during the borehole seismic work (772 m/s to 3,599
m/s), but the sudden lateral variations were unexpected and not believed to be entirely
credible. Note also that lower velocities in many cases appear below higher velocities (i.e.,
panels A and B in Figure 5.2.5‐2). The effect of these velocity issues (sudden lateral variations,
low velocity layers) on the final stacked data are discussed in later sections.

5.2.6 Stacking, Migration, and Time‐to‐Depth Conversion
Geogiga’s Reflector software allows the user to stack data in two different ways: from shot
gathers and from CDP gathers. If data are stacked from shot gathers, all of the traces in the
gather (in the case of this work, ~97 traces over 970 m) are summed into a single trace and
placed in the midpoint of the gather. When data are sorted into CDP gathers, each trace sharing
a common midpoint (between the shot and receiver location), or depth point, is gathered into a
bin. The traces in each bin are then summed to yield a single trace for that depth point and
placed in their respective location in the final stack. In both cases, the process of summing
traces is intended to increase the signal‐to‐noise ratio of the data by adding together “real”
signal, thereby increasing its amplitude, and adding together random noise, ideally cancelling it
out. However, if systematic noise is present in the data, its amplitude will also be increased
during stacking.
During processing, data were initially stacked from shot gathers, until the author’s
correspondence with Geogiga technical support revealed the process and assumptions behind
this method. Because all of the traces in a shot gather are summed over the horizontal distance
of the receiver line (in this case ~970 m), any dipping reflectors will be smeared along the length
of the trace; i.e., the assumptions behind the method make it appropriate only for situations
where non‐dipping reflectors exist. These assumptions are inconsistent with the geology in the
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project area and with project objectives. Also, because the stacked trace is placed in the middle
of the shot gather, the resulting stack is approximately 500 m shorter on the south end.
Data were also stacked from CDP gathers, which required sorting the traces into CDP
gathers, then recompleting the velocity analysis process. The resultant CDP stack is shown in
Figure 5.2.6‐1. Note that a color density display was used for this section, because the number
of traces is too high to display as wiggles in the image. Because the section is displayed as color
density, the brighter colors indicate higher amplitudes (stronger reflection or refraction events).
The faded colors represent lower amplitudes that do not correspond to strong reflection or
refraction events.
For comparative purposes, the stack created from shot gathers is shown in Figure 5.2.6‐2.
For both stacks, several stacking methods were available in the software (i.e., alpha‐trimmed,
optimum offset, phase weighted, diversity); for this data set, straight mean stacking was used,
as described in Rashed and Nakagawa (2006). A window value of 3 (the number of adjacent
traces summed to form a single trace in the stack) was used for both shot and CDP gather
stacks.
Depth migration is intended to move dipping events to their true subsurface position
(Yilmaz 1987). With the Reflector software, migration is accomplished by using the velocity field
generated during the velocity analysis processing step, as described in Section 5.2.5. The
migration aperture (the number of traces summed for a single sample point) is the only user‐
controlled variable. This step was applied to the reflection data set, and several different
aperture values were tested. The aperture value selected (6) was used to generate the migrated
time stack shown in Figure 5.2.6‐3.
The final processing step was to convert the time stack to depth. This was accomplished
using the velocity field generated during interactive velocity picking, and using a depth
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increment of 0.5 m. The final migrated depth stack is shown in Figure 5.2.6‐4. Due to abrupt
lateral changes in the velocity field (see Figure 5.2.6‐5), some areas in the depth section appear
compressed. These compressed areas correspond with areas of low velocity in the velocity field.
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6.0 DISCUSSION AND INTERPRETATIONS
Synthetic data were compared with data collected in the field to look for similarities that
might validate the accuracy of the geologic models used in this project. The final seismic stack is
also discussed in relation to the question of where to site tracer testing wells.

6.1 Surface Seismic Reflection Data
In the reflection field data, direct arrival, airwave, noise, and primary reflection or
refraction are visible (Figure 6.1‐1). Many of the events in the field data do not display the
typical parabolic shape associated with reflections (i.e., reflection events shown in the model
output in Figure 3.5‐2), and may actually be refractions. Because this study is focused on
collecting and analyzing seismic reflection data, refractions are considered to be noise.
Large amounts of noise in the shot gathers overwhelm any reflections later in time, and in
the farther traces in the record (i.e., toward the left side of Figure 6.1‐1). During filtering
operations, this noise was found to be similar in frequency to the reflections, and therefore
could not be removed without reducing the signal as well. This noise makes distinguishing the
character of primary reflections very difficult in the field data, which in turn complicated the
velocity picking process, and likely contributed to the uncertainties with the stacked section
discussed below.

6.2 Analysis of Final Depth Stack
The first step in analysis of the final depth stack was to use an image processing program
to mirror the image horizontally so it looks in the same direction (west) as the geologic cross‐
section shown in Figure 3.3‐1. It was not possible to reverse the direction of the section using
the Reflector software. Next, borehole locations were added to the depth section (scaled to
depth), along with location of the alluvium/volcanic interface at those points. Finally, depths of
other interfaces of potential interest (as noted in summary lithologic data for each borehole)
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were added to the section. The annotated section is shown in Figure 6.2‐1, with the geologic
cross‐section for comparison.
Interpretation of this section is difficult, even with geologic control from boreholes. As
noted above, the sharp lateral variations in the velocity field cause variable stretching of the
seismic data when converted from time to depth. This in turn creates a series of laterally
discontinuous vertical “strips” of data, effectively breaking up any continuous reflectors that
may be present. In this depth section, the alluvium/volcanic contact is not clearly imaged as a
continuous reflector; nor is the tuff interface used in Model 2. The contacts noted in the
summary lithologic data for each borehole do not seem to correspond to especially strong or
continuous reflectors in the seismic data, indicating either: 1) the density and velocity contrasts
expected at the alluvium/volcanic interface are not present; 2) the velocity issues with the
seismic data bias the seismic section enough that reflector locations are changed; 3) or some
combination of both. Given the current information, it is not possible to determine which factor
(or combination of factors) is the true situation.
The issues discussed above, as well as the abrupt lateral velocity field variations discussed
in Section 5.2.5, make quantitative interpretation of the depth section impossible. Instead, the
time stack will be qualitatively discussed and potential tracer well sites chosen based on it.
Although issues with the velocity field are propagated to some degree in the final time stack
(i.e., through the NMO correction and migration but before time‐to‐depth conversion), the
variable vertical data compression is not present, which allows a less biased interpretation of
the data than if the depth section were interpreted.

6.3 Analysis of Final Time Stack and Selection of Location for Tracer Testing
Wells
The final migrated CDP time stack is shown with well locations, Tpt Hill, mapped faults, and
reflection near well 24PB annotated in Figure 6.3‐1. The seismic line, mapped faults (as
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described in Section 1.1), Nye County wells, and selected tracer site location are shown in Figure
6.3‐2. As previously noted, mapped faults are present on the seismic line at ‐156 m, 1,602 m,
and 3,860 m.
Although none of the mapped faults annotated on Figure 6.3‐1 show strongly in the data
(i.e., there are no obviously juxtaposed stratigraphic blocks), there are discontinuities in the
seismic data that could indicate the presence of faults in these locations. There are similar
discontinuities in other locations as well; however, it is beyond the scope of this work to
examine additional faulting in the area.
There is a strong reflection event below well 24PB (shown on Figure 6.3‐1 as a dashed
green line) that extends from 24PB south to the edge of Tpt Hill. At least part of Tpt Hill appears
in the seismic data as a series of strong reflections approaching ground surface; these
reflections appear to truncate very near the splay of the Paintbrush Canyon fault (shown as a
dashed blue line in Figure 6.3‐1). The fault was drawn as having a steep northward dip, based on
the geologic map which shows a normal fault with down‐to‐the‐northwest throw.
The reflector below 24PB appears to be relatively coherent, and has an apparent
southward dip along its length. As stated previously, the ideal location for siting new tracer
testing wells will have a steeply dipping alluvium/volcanic interface, be in or close to the
modeled flow path, and be close to existing well sites. Because this is the only coherent contact
with an apparent southward dip on the section, this reflector was chosen as the focus for
choosing locations for new wells. In the absence of this study, the location chosen for the tracer
well complex would have been farther to the south, between wells 29P and 19D, as discussed in
Section 1.2. However, the lack of a continuous southward‐dipping reflector in that area (see
Figure 6.3‐1) suggests that there would be more uncertainty associated with successful
positioning for one well in alluvium and one close by in volcanic bedrock in that area.
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Two‐way travel times from the seismic section range from approximately 175 ms near well
24PB to 275 ms near Tpt Hill. A range of potential depths to this reflector was calculated based
on these travel times and a range of velocities from 1,000 to 4,000 m/s (see Table 6.3‐1).
Average alluvial velocities for the 7.5‐m offset in the borehole seismic survey were 1,994 m/s,
and the maximum velocity was 2,893 m/s. Rounding these values to 2,000 m/s and 3,000 m/s,
depths to the reflector range from 175 m to 263 m at the 175 ms travel time, and from 275 m to
413 m at the 275 ms travel time. These depths are too great to be the alluvium/volcanic contact
at 24PB, but the contact between moderately and densely welded Bullfrog Tuff (213 m) falls
within the range. The average velocity corresponding to a contact at this depth would be 2,434
m/s, which falls within the range of values obtained from the borehole seismic data. The lack of
strong reflections at the expected depths indicates there is not great contrast between the
alluvial and bedrock velocities (and probably densities as well), so assuming a composite velocity
representative of both units seems reasonable. However, this average velocity is significantly
different than the 700 m/s alluvial velocity used in the forward modeling effort.
If this reflector is the contact between the moderately and densely welded zones of
Bullfrog Tuff, it may represent the terminus of that unit south of Yucca Mountain. If the top of
the tuff unit (and therefore the alluvium/volcanic contact) follows the dip of this interface, this
would be a reasonable location to install wells for the purpose of performing a tracer test on the
fluid pathway across the alluvium/volcanic contact. According to the criteria for siting wells
discussed above, the area of steepest apparent dip would be most desirable; the location along
the reflector with steepest apparent dip is between receiver locations 859 m and 1,119 m
(Figure 6.3‐2). This location also meets the criteria for being in or close to the modeled flow
path; however, it is approximately 800 m from the nearest well site, 24PB.
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Another uncertainty associated with this site is its proximity to Tpt Hill. The hill itself is the
surface exposure of volcanic sequences that were faulted and rotated (these units dip
southeast, contrasting with the east‐dipping units in the surrounding bedrock exposures) within
the Paintbrush Canyon fault system; and the subsurface orientation, extent, and potential of
which to influence the results of a tracer test are unknown.

32

7.0 CONCLUSIONS AND RECOMMENDATIONS
The reflection survey described in this thesis produced more detailed seismic data than
any previous seismic survey in the area. Borehole seismic data collection was successful in
determining alluvial velocities for the 24PB well location, but was unfortunately limited by
existence of boreholes, and depth limitations of the downhole equipment.
The synthetic modeling process predicted potential seismic responses for two different
geologic scenarios, but as configured it did not show which reflector would dominate. Because
of the similarities between the results of Models 1 and 2, it was not possible to determine which
model more closely represented the impedance contrast of the alluvium/volcanic contact or
volcanic units, respectively.
The results of the reflection survey allowed identification of a relatively shallow, distinct,
southward dipping interface, which was selected as the location for a future tracer well
complex. This location differs from the one that would have been selected in the absence of the
reflection survey. The presence of noise in the reflection data made distinguishing reflections
difficult at later times and far offsets, and generally complicated the data processing. This noise
may be due to some combination of source signal attenuation, poor coupling, and
anthropogenic sources.
For completeness, some additional options for data collection prior to installation of a
tracer testing complex are listed below.


Drilling of additional boreholes to collect borehole seismic P‐wave velocity data
(both in alluvium and tuff units) would provide additional information regarding
subsurface geology, and allow for better velocity control on the current set of
seismic reflection data.
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Reprocessing (for reflections) the subset of the current seismic reflection data in
the area chosen for tracer wells could result in better imaging of the reflector.



Due to the presence of refractions in the reflection data set, reprocessing the
reflection data with refraction processing software might yield additional
information on the alluvium/volcanic interface. If this reprocessing was
unsuccessful, a seismic survey could be designed specifically to collect refraction
data.



Conducting an additional seismic reflection survey over the area chosen for tracer
wells, setting the source in the center of the geophone array to decrease signal
attenuation and provide some information on dipping reflectors. This survey
would also use a shorter geophone array (i.e., fewer active geophones) for each
shot to decrease the number of records with far‐source traces overwhelmed by
noise, and decrease the distance between the source and first active receiver.
Alternative sources (e.g., dynamite) would also be considered.



Surface wave data could be used to gather velocity information along the entire
line (cost‐effectively). It might also be possible to process the existing data for
surface wave energy; however, survey design limitations would restrict the
amount of information gained from this process.
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Table 4.2‐1. Equipment and parameters used during collection of seismic reflection data in November
2009.

Parameter
Survey line length
Vibroseis unit
Seismograph
Active channels
Triggering system
Survey progression
Source‐receiver offset
Geophone spacing
Geophone resonant frequency
Frequency sweep
Record length
Sampling frequency
Stacks per shot location

Value
4.5 km
IVI 3,182‐kg minivib, trailer mounted
Geometrics Geode, 144 channels
97
Radio triggering system
Common midpoint
60 m to first active geophone
10 m
40 Hz
25‐300 Hz over 5 sec
6 sec
1 ms
4

Table 5.2.2‐1. Parameters used for static correction of integrated seismic reflection data.

X offset (m)
‐554 (north end)
4,000 (south end)

Elevation (m)
852
817

Velocity (m/s)
2,342
2,342

Table 6.3‐1. Depths (in m) to reflector shown in Figure 6.3‐1, based on two‐way travel times from time
stack and range of velocities.

Two‐way travel times (ms)
Velocity
(m/s)
1,000
1,500
2,000
2,500
3,000
3,500
4,000

175

275

87.5
131.25
175
218.75
262.5
306.25
350

137.5
206.25
275
343.75
412.5
481.25
550
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Yucca Mountain
Repository Site

Jackass
Flat
Research
Area

Figure 1.0‐1. Modeled flow paths for 1,000 particles released (uniformly but randomly distributed) below
the Yucca Mountain repository. Numbers indicate modeled water table elevations (m); Yucca Mountain
shown in green box; and research area shown in the red box. Figure modified from the Saturated Zone
Site‐Scale Flow Model (Sandia National Laboratories 2007). Black numbers denote water table elevation
contours, and the blue line shows the southern compliance boundary for Yucca Mountain radiological
release modeling. Surface elevations range from 750 m at the southern extent of the figure to 1,870 m at
the northern extent. The left panel shows elevation changes of the particles as they move through the
flow system.
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Figure 1.1‐1. Location map showing area of investigation relative to other landmarks.
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NC‐EWDP‐24PB

NC‐EWDP‐Site 22

NC‐EWDP‐29P

NC‐EWDP‐19D

Figure 1.1‐2. Geologic map of the area of investigation. Modified from Potter et al. (2002); refer to Potter
et al. (2002) for description of geologic units and symbology. Heavy dashed black line indicates extent of
2007 seismic reflection survey (see Figure 2.2‐1). Green lines indicate locations of other geophysical
surveys, as described in Section 2.3. Purple line shows location of geologic cross‐section shown in Figure
3.3‐1.
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Figure 1.2‐1. Alluvium/volcanic contact profile, based on geologic data from nearby boreholes. Also shown are the elevation of ground surface, borehole
locations, and water table. Bullfrog Tuff age reported as 13.25 Ma, Tiva Canyon Tuff age reported as 12.7 Ma (Potter et al., 2002). Data used to build the figure
are published by Nye County at www.nyecounty.com.

Elevation (meters above mean sea level)
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Figure 2.2‐1. Stacked seismic section from the survey conducted in 2007. The inferred alluvium/volcanic contact (as shown in Figure 3.3‐1) is represented by a
green line. “SP” on the top horizontal axis denotes the shot point; the associated numbers correspond to geophone station numbers. Velocities for time‐to‐
depth conversion ranged from approximately 500 m/s (29P) to approximately 700 m/s (19D).
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Figure 3.3‐1. Portion of Nye County Phase V cross‐section B‐B’ with approximate boundary of Models 1 and 2 shown in red. Wells 19D (borehole 19D1) and 29P
are approximately 1,300 m apart; total depth of 29P is 240 m, and total depth of 19D1 is 438 m. The green line shows the alluvium‐volcanic contact used for
Model 1; the blue line shows the contact used for Model 2.
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Figure 3.3‐2a. Smoothed velocity profile for Model 1. Note the velocity
transition between the upper and lower units, due to the smoothing
operator. Vertical axis is depth (m) below ground surface; horizontal axis is
distance (m), along the profile. Colorbar indicates velocity (m/s) of the
modeled material.

Figure 3.3‐2b. Smoothed velocity profile for Model 2. Transition zone
between upper and lower units is an artifact of the smoothing operator.
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Figure 3.5‐1a. Synthetic seismogram for Model 1 with free surface
condition on upper model boundary. Vertical axis is time (ms); horizontal
axis is distance (m), along the profile.

Figure 3.5‐1b. Synthetic seismogram for Model 1 with absorptive condition
set on upper model boundary. Note the reduction in noise in the lower
part of the seismogram relative to Figure 3.5‐1a.

Reflections in
seismogram produced
by “stair steps” in Model
2 (see Figure 3.3‐2b).
Note that steps in the
left side of Model 2 do
not produce strong
events.

Figure 3.5‐2. Synthetic seismogram for Model 2 with absorptive condition set on upper model boundary.
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Figure 3.5‐3. Comparison between seismograms generated from unsmoothed (top panel) and smoothed
(bottom panel) velocity and density models. Note the “ringiness” visible in the synthetic whose velocity
and density contrasts are not smoothed.
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Figure 3.5‐4a. Synthetic seismogram for Model 1
with 10 m model sampling.

Figure 3.5‐4c. Synthetic seismogram for Model 1
with 2.5 m model sampling.

Figure 3.5‐4b. Synthetic seismogram for Model 1
with 5 m model sampling.

Figure 3.5‐4d. Synthetic seismogram for Model 1
with 1 m model sampling.
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Figure 3.5‐5a. Synthetic seismogram for Model 1 with shot positioned at
200 m.

Figure 3.5‐5b. Synthetic seismogram for Model 1 with shot positioned at
400 m.

48

Figure 3.5‐5c. Synthetic seismogram for Model 1 with shot positioned at
600 m.

Figure 3.5‐5d. Synthetic seismogram for Model 1 with shot positioned at
800 m.
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Figure 3.5‐5e. Synthetic seismogram for Model 1 with shot positioned at
1,000 m.

Figure 3.5‐5f. Synthetic seismogram for Model 1 with shot positioned at
1,200 m.

Figure 3.5‐6. Comparison between seismograms from Model 1 (top panel) and Model 2 (bottom panel)
with a 10 m sampling interval and shot located at 1,400 m.
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Figure 4.0‐1. Map showing seismic reflection line and well locations where borehole seismic data
collection was attempted (labeled in blue). Electrical noise issues from a nearby transmission line at wells
19P and 19D prevented effective picking of first breaks. Station numbers (in meters) are shown to the left
of the shot/geophone line.
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Figure 4.1‐1. Schematic diagram showing field setup for borehole seismic data collection. The red triangle
shows the variables used in Equation 1 to calculate the length of the direct path from the strike plate to
the down hole geophone.
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Figure 4.2.1‐1. Map showing south end of reflection survey line shot and geophone locations. Shots are located on the road; geophones are located
approximately 5 m to the west. Station numbers are shown for each geophone and shot location.

Figure 5.1‐1. Seismogram collected at well 24PB with geophone at 15 m depth and strike plate at 2.5 m
offset from the well. The red line on channel 1 shows the first break pick for this record at 8.21 ms. Trace
1 is the vertical component of the geophone; trace 2 is the longitudinal component; trace 3 is the
transverse component. Note that positive amplitude is to the right.
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Figure 5.1‐2. Averaged apparent velocities calculated from borehole seismic data for well 24PB at 2.5 m (top), 5 m (middle) and 7.5 m (bottom) strike plate
offsets.
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Figure 5.2.1‐1. Example shot gathers after individual data files were integrated. Horizontal axis shows shot location (top) and receiver locations (next line
down); vertical axis is time (ms).
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Figure 5.2.2‐1. Elevation profile of the seismic line, based on GPS location of the geophones. Note the offsets in elevation at various points.
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Now shifted upward 23 ms

Figure 5.2.2‐2. Shot gather 464 (north end of the seismic line) shown pre‐statics correction (top panel) and post‐statics correction (bottom panel). The
total upward shift after statics correction on the north end of the line is 23 ms.

Note this wavelet

Figure 5.2.3‐1. Comparison of RMS (left) and AGC (right) methods. Note the stronger reflection and
increased noise events on the AGC panel.
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Figure 5.2.3‐2. Panels showing shot gathers with RMS gain control applied. Note how noise overwhelms any reflections at distant receivers (left sides of each
panel).

Figure 5.2.4‐1. Comparison of shot gathers before frequency filtering (left) and after (right). The frequency
spectrum for gathers is shown below each.
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Figure 5.2.4‐2. Shot gathers shown before top muting (top panel) and after (bottom panel).
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Figure 5.2.5‐1. Example of normal moveout data for a horizontally stratified earth (a), as well as moveout
corrected data (b, c, and d). Figure reprinted with permission from Yilmaz (1987).
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B

C

D

E

Figure 5.2.5‐2. Panel showing Semblance Spectra interactive velocity picking in Reflector. Panel A shows velocity as a function of two‐way travel time; B shows
interval velocities; C is an original shot gather; D is the shot gather with NMO applied (based on picked velocities); and E shows a composite stack overlain with
the velocity field (colors). In panel E, the vertical red line at the right side represents the active shot gather for which velocities are being picked (panel C); red
dots represent shot gathers and time locations for which velocities have been picked. Cool colors (blue, green) represent slower velocities, and warm colors
(orange, red) represent higher velocities. Note the abrupt lateral velocity variations visible in panel E, and higher near‐surface velocities in panels A and B.
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Figure 5.2.6‐1. Final CDP seismic time stack. Straight mean stacking method was used with a window value of 3. Note that color density display was used due to
large number of traces in the final stack.
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Figure 5.2.6‐2. Final stack created from shot gathers, shown for comparative purposes. Straight mean stacking method was used with a window value of 3.
Color density display is shown for consistency with Figure 5.2.7‐1.
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Figure 5.2.6‐3. Final migrated CDP time stack.
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Figure 5.2.6‐4. Final migrated CDP depth stack, converted from the migrated time stack shown in Figure 5.2.7‐3 using the velocity field generated during
interactive velocity picking. An example of data compression in the time‐to‐depth conversion due to abrupt velocity field change is shown in the green box.
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Figure 5.2.6‐5. Velocity section overlain on CDP time stack. Colorbar indicates velocities (m/s): warm colors (red, orange) represent higher velocities; cool
colors (green, blue) represent lower velocities.
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Airwave

Refraction

Figure 6.1‐1. Shot gather annotated to show direct arrival, airwave, noise, and primary reflection/refraction. Note that noise in the gather tends to overwhelm
potential reflections/refraction later in time and farther away from the source (in this case, the source is off the right side of the gather).

Noise

Possible reflection

Direct arrival
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Figure 6.2‐1. Mirrored CDP depth stack with boreholes and geologic information annotated. Corresponding portion of the Nye County geologic cross‐section
for the area is shown below for comparison. Depth extents for both panels are approximately 450 m. Note that borehole 19D1 was completed as well 19D.
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Figure 6.3‐1. Final migrated CDP time stack with well locations, Tpt Hill, mapped faults (dashed blue lines), and reflector (dashed green line) near well 24PB
annotated. Note that wells are not scaled to depth.

Figure 6.3‐2. Seismic line on local geologic map. Modified from Potter et al. (2002).
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8.0 APPENDICES
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Appendix A – REFMODEL1 Script
#!/bin/sh
############################
# Refmodel
# Script is modified from XDemo5
# Version 0.4
# 4/30/10
#
# Incorporates script segments from Carlos Calderon's review on April 12, 2010
############################
# Define some of the parameters here to avoid repetition
# 10m - model sampling
#dx=10 dz=10
#nx=144 nz=83
# 5m model sampling
#dx=5 dz=5
#nx=289 nz=165
# 2.5 m model sampling
dx=2.5 dz=2.5
nx=577 nz=329
# 1m model sampling
#dx=1. dz=1.
#nx=1441 nz=821
# smoothing radius (in number of samples) for smoothing density and velocity fields
#sm=2
sm=4
# file definitions
hsfile=hsseis1.out
dfile=density.1
vfile=velocity.1
dfiles=density.1.smooth
vfiles=velocity.1.smooth
#############################
# Building a model with "unif2"
# build the file of velocities
unif2 < model1.unif2 nx=$nx nz=$nz dx=$dx \
v00=700,1200 dz=$dz > $vfile
# build the file of densities
unif2 < model1.unif2 nx=$nx nz=$nz dx=$dx \
v00=1.8,2.0 dz=$dz > $dfile
# ###############################################
# smooth vel-density fields
# smooth the density - smooth2 is a SU command that works in straight binary files (no headers), execute
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# to see its documentation
smooth2 <density.1 n1=$nz n2=$nx r1=$sm r2=$sm > $dfiles
# for smoothing the velocity, a few steps are required, velocities are converted to slowness
# using command 'suop', this commands needs headers in the input and using 'suaddhead' adds an
# empty header. Command 'sustrip' removes the headers to output a binary file.
suaddhead <velocity.1 ns=$nz |suop op=inv | sustrip | smooth2 n1=$nz n2=$nx r1=$sm r2=$sm | \
suaddhead ns=$nz |suop op=inv | sustrip > $vfiles
# view the models
ximage < $vfile title="velocity profile" legend=1 \
n1=$nz n2=$nx d1=$dz d2=$dx &
ximage < $dfile title="density profile" legend=1 \
n1=$nz n2=$nx d1=$dz d2=$dx &
ximage < $dfiles title="density profile smoothed" legend=1 \
n1=$nz n2=$nx d1=$dz d2=$dx &
ximage < $vfiles title="velocity profile smoothed" legend=1 \
n1=$nz n2=$nx d1=$dz d2=$dx &
# ###############################################################
# finite difference modeling
# note that 'nt' has been removed from the param list and that
# the smoothed field are used in the input
# shot at 600 m
sufdmod2 < $vfiles xs=600 zs=10 nx=$nx nz=$nz dx=$dx dz=$dz \
dfile=$dfiles fmax=60 tmax=2.0 hsz=10 hsfile=$hsfile abs=1,1,1,1 \
verbose=2 mt=4 > cube1.out
# view movie
#suxmovie < cube1.out n1=200 n2=100 d1=10 d2=20 loop=1 &
# print synthetic seismogram
suximage < $hsfile perc=99 title=six_hundred_m_shot &
exit 0
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Appendix B – Digital Data
This section is a CD containing:
1.
2.
3.
4.
5.

Raw and processed borehole seismic data;
Raw and processed surface reflection data;
Minivib frequency sweeps;
GPS data; and
Copy of field notes.
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Appendix C – Approval for Use of Copyrighted Material
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